In this article, we use the recently developed nonlinear autoregressive distributed lags (NARDL) model to examine the pass-through of crude oil prices into gasoline and natural gas prices. Our approach allows us to simultaneously test the short-and long-run nonlinearities through positive and negative partial sum decompositions of the predetermined explanatory variables. It also offers the possibility to quantify the respective responses of gasoline and natural gas prices to positive and negative oil price shocks from the asymmetric dynamic multipliers. The obtained results indicate that oil prices affect gasoline prices and natural gas prices in an asymmetric and nonlinear manner, but the price transmission mechanism is not the same. Important policy implications can be learned from the empirical findings.
Introduction
Understanding the pass-through of oil prices to gasoline and natural gas prices is of paramount importance not only for energy policy decision-making but also for portfolio risk management and optimal hedging issues. Indeed, prices of these energy sources influence the level of capital expenditure of almost all economic agents and the incentives to promote alternative energy sources. Investors in energy markets may find the tendency of the prices to adjust to a certain relative price relationship or parity as the basis for a trading strategy. For example, Brown and Yucel (2008) document that there was a 10-1 relationship between the price of one barrel of oil and the price of one million BTUs of natural gas in the 1990s but this relative price relationship declined to a 6-1 ratio more recently as the oil and natural gas prices rise.
The empirical literature on the oil price pass-through is extensive and has started with studies examining the relationship between oil prices and the macroeconomy. The study of Hamilton (1983) shows that rising oil prices are responsible for nine out of ten of the U.S. recessions since the Second World War, thus suggesting a negative impact of oil price changes on U.S. output growth. Most subsequent studies reach similar conclusions and attempt to explain the oil-economic growth nexus by the oil price pass-through to production cost, inflation expectation, monetary policy, and investor confidence (e.g., Mork, 1989; Hooker, 1996; Cologni and Manera, 2008) . There is also evidence to suggest the existence of asymmetric and nonlinear links between oil price and economic growth, even though they become weaker in recent years (e.g., Hamilton, 2003; Kilian, 2008; Lardic and Mignon, 2008) . Another major stream of research has focused on how oil prices are passed on to stock prices (e.g., Jones and Kaul, 1996; Sadorsky, 1999 , Ciner, 2001 Arouri and Nguyen, 2010; Aloui et al., 2012) . These studies document both linear and nonlinear significant effects of oil prices on equity prices, but the sign and strength of the effects depend on the state of the market, the nature of the economic sectors, and the oil-dependence profile of the considered country.
A number of studies have recently investigated the pass-through of crude oil prices to the prices of refined petroleum products and other commodities. Most of them make use of a cointegration approach and focus on the oil-gasoline price relationships. It has been documented that downstream prices tend to respond to increases in upstream prices more rapidly than their responses to decreases in upstream prices. This asymmetric price interaction, initially discovered by Bacon (1991) as the "rockets and feathers" effects, then more or less confirmed by various studies (e.g., Borenstein et al., 1997; Bachmeier and Griffin, 2003; Chen et al., 2005; Grasso and Manera, 2007; Blair and Rezek, 2008; Meyler, 2009; Honarvar, 2009 ).
For example, Borenstein et al. (1997) report evidence that gasoline prices adjust faster when oil prices increase than when they decrease.
Several studies have investigated the price transmission mechanisms between oil and natural gas, but most of them focus on the investigation of the linear relations between these prices (e.g., Yucel and Guo, 1994; Asche et al., 2006; Villar and Joutz, 2006; Brown and Yucel, 2008; Hartley et al., 2008) . In general, past findings indicate evidence of a stable long-run relationship between the two prices as well as a directional influence from oil prices to natural gas prices. For example, Villar and Joutz (2006) show, from their bivariate VEC models, that a permanent shock of 20% in the WTI price leads to a 16% increase in the Henry Hub price. Brown and Yucel (2007) show, from an error-correction model that the movements in crude oil prices have a prominent role in shaping natural gas prices when the weather conditions, inventories and other additional factors are taken into account. Two recent studies, Grégoire et al. (2008) , and Aloui et al. (2013) , attempt to model the nonlinear links between crude oil and natural gas prices. While the former finds evidence of extreme comovement of these prices using Student-t copulas, the latter relies on an extreme value theory -copula approach and documents the presence of extreme dependence only during the bullish market phases. The joint upward movements are typically explained by the simultaneous effects of increasing industrial and economic activities.
This article examines how oil prices are asymmetrically passed on to gasoline and natural gas prices over both the short and long run. We extend the extant literature by making use of a nonlinear autoregressive distributed lags (NARDL) model which consists in a dynamic errorcorrection representation allowing for the asymmetric responses of gasoline and natural gas prices to crude oil price changes. Shin et al. (2011) show that reliable long-run inferences can be achieved by bounds tests regardless of the integration orders of the variables in the system and that imposing either long-run symmetry or short-run symmetry or both simplifies the model to the traditional error-correction approach.
The investigation of nonlinear and asymmetric price transmissions between these energy commodities is motivated by both theoretical and empirical insights. Indeed, most economic and financial variables exhibit a nonlinear behavior over time, and that they may interact with each other in a nonlinear manner. This nonlinear behavior of time series can be driven by, among others, successive episodes of economic and financial crises (e.g., the 1997-1998 as well as the complexity of financial markets induced by the heterogeneity of economic agents, the globalization, and the multiplicity of regulations. All these factors may cause unexpected changes in the behavior of economic and financial time series, which particularly induce structural breaks, asymmetric responses to news, and leverage effects. Under these conditions, the prices of crude oil, gasoline, and natural gas are likely to behave nonlinearly, and their joint dynamics seem to be more complex than a simple and stable relationships. Aloui et al. (2013) note several periods in which natural gas prices deviate from their historical relationships with oil prices owing to particular market conditions or the discovery of hydraulic fracturing. Serletis and Ricardo (2004) examine the strength of shared trends and cycles between crude oil prices and Henry Hub natural gas prices, and provide evidence to reject the hypothesis of common and codependent cycles. As to the potential of nonlinear links between crude oil and gasoline prices, it is also affected by the structure of retail markets, which depends on extraction, refinery and distribution. On the other hand, the asymmetric responses of gasoline prices to crude oil prices, which have become popular with the validation of the "rockets and feathers" hypothesis by the majority of studies in the energy economics literature, are often explained by factors such as oligopolistic behavior, inventory levels, production lags, and market competition structure (e.g., Bacon, 1991; Borenstein et al., 1997; Al Gudhea et al., 2007; Grasso and Manera, 2007) . The asymmetric transmission between crude oil and natural gas prices can arise from the fact that the latter are not only substitutes, but also rivals in consumption and production of other energy sources (Aloui et al., 2013) . Moreover, the crude oil market responds more to global economic, financial and geopolitical factors given its global nature, whereas natural gas prices are more sensitive to regional factors and affected by its own supply and demand disruptive shocks (e.g., extreme weather events, seasonality, and supply storage constraints).
Our empirical analysis, based on the spot prices of WTI crude oil, gasoline, and Henry Hub natural gas, provides evidence of short-run asymmetry in the oil-gasoline price relationships and long-run asymmetry in the oil-natural gas price relationships. Moreover, our results from the best-suited models for each pair of commodity prices indicate that the impact of oil price decreases on gasoline and natural gas prices is significantly larger than that of oil price increases. Our empirical evidence of asymmetric price transmission between crude oil and gasoline prices is obviously similar to that of, among others, Borenstein et al. (1997) and Chen et al. (2005) . However, we are able to show that the asymmetry is short-run and that it takes about 8 months for the two prices to establish a new equilibrium state, given the dynamic adjustments of gasoline prices to negative and positive changes in oil prices.
The rest of the article is organized as follows. Section 2 introduces the empirical framework and describes the data. Section 3 reports the obtained results. Section 4 concludes the article.
Methodology and data

The NARDL model
It is now common that dynamic relationships between I(1) variables can be reproduced via an error-correction model -ECM (Granger, 1981; Engle and Granger, 1987; Johansen, 1988) . In its traditional form, the linear ECM specification without asymmetry in short-and long-run dynamics takes the following form
In our study, t wti refers to the WTI oil prices, while t y represents either the gasoline prices or the natural gas prices. The symbol ∆ denotes the price variations. Even though the model in Eq.
(1) enables the investigation of the short-and long-run relationships between price variables, it becomes impertinent when these relationships are nonlinear and/or asymmetric, which is the case for crude oil, gasoline and natural gas as we pointed out in the introduction. That is why a nonlinear and asymmetric ECM is of great interest. We thus adopt the cointegrating When the asymmetries in the short-and long-run dynamics are introduced into the standard ECM, Shin et al. (2011) show that Eq. (1) 
The superscripts (+) and (-) in Eq. (2) 
where
, and
by construction. Based on the estimated multipliers, one can observe, following a shock affecting the system, dynamic adjustments from the initial equilibrium to the new equilibrium between the system variables.
Data
Our data consist of time series of monthly spot closing prices for WTI crude oil, gasoline, and Henry Hub natural gas. They are obtained from Bloomberg and cover the period from January 1997 to September 2012. Commodity prices are expressed in US dollars. justified by the potential of structural change in the price series over the study period which is characterized by several episodes of crises and important terrorist and geopolitical events. The obtained results indicate that the three price series are not stationary at the conventional levels, and are thus appropriate for the application of the NARDL model.
Results
We first estimate the specification models developed in Eqs. (1)- (4) for the oil price passthrough to gasoline prices and natural gas prices. The obtained results are reported in Tables 2-3 respectively. Wald tests are then conducted to examine the hypotheses of short-run and long-run symmetry. The results from these tests applied to the estimates of the NARDL model with short-run and long-run asymmetries indicate that the long-run symmetry cannot be rejected for the oil-gasoline price relationships, but does not occur in the case of oil-natural gas price relationships. The short-run symmetry is rejected by the Wald tests for oil-gasoline case at the 5% level, but does occur for oil-natural gas case. Similar conclusions are drawn from the models incorporating either long-run or short-run symmetry. The symmetric shortrun relationship between oil prices and gasoline prices can be partially explained by the fact that gasoline is derived from crude oil and this feedstock accounts for more than 60% of the cost of gasoline. This asymmetry may also come from the public's discretionary spending adjustments in order to keep the gasoline prices stable. Nevertheless, the symmetric response is expected over the long-run because the supply of gasoline can be adjusted more easily. Differently, the symmetric short-run link between crude oil and natural gas prices can be explained by factors such as capacity conversion, natural gas-to-oil substitution, and different costs of transportation justify. Overall, these findings, consistent with the empirical evidence of the majority of past studies, clearly suggest that linear models are misspecified and thus do not provide the accurate fit to the underlying data. Frey and Manera (2007) review the existing empirical literature on price asymmetries in commodities from 38 studies in terms of econometric models, type of asym-metries and empirical findings. They find that half of past studies report evidence of asymmetry, five of them document the symmetry and the remaining studies report mixed results. In what follows, we detail the price transmission mechanism for each case. Note finally that all the models we use are correctly specified as the residual series do not exhibit ARCH effects at the 5% level, except for the NARDL model with short-run asymmetry for crude oil and natural gas. The non-normality of residual series is only found for the oil-natural gas case. Table 2 shows that the estimated coefficients of all the four symmetric and asymmetric passthrough models are highly significant at the 1% and 5% levels, thus indicating that the price of crude oil is an important driver of gasoline prices. According to the AIC and SIC information criteria and Wald symmetry tests, the NARDL(3,2) specification with short-run asymmetry is the most suitable model for the oil-gasoline case. 2 The results of the best-suited model show that the long-run coefficient is positive (0.976) and significant at the 1% level, indicating that oil price increases (decreases) cause the price of gasoline to move up (down).
Pass-through of oil prices to gasoline prices
Comparatively, the restricted symmetric model also yields a significant long-run coefficient of similar magnitude (0.979), but definitively masks the short-run asymmetric effects of oil prices on gasoline prices. We indeed find that contemporaneous increases and decreases in the price of crude oil have a positive effect on gasoline prices, while the one-period lagged changes in oil prices are negatively passed through to gasoline prices. This finding corroborates the results of previous studies because not only gasoline prices respond asymmetrically to oil price movements, but there is also a temporal delay in their reaction to changes in crude oil prices. Over the short-run, the relationship between the two prices can be positive or negative depending on other factors that affect the gasoline market. It is, for example, possible that the gasoline market is facing an increase or decrease in gasoline inventories. Borenstein and Shephard (2002) argue that refineries can adjust the production of gasoline or the level of gasoline inventory to change the supply and the price of gasoline when crude oil prices change, but these alternative adjustments may be very costly over the short period of time, which leads to a temporal delay in the response of gasoline prices to crude oil prices.
Taking the asymmetric effects into account, we see that in the short-run, an increase of 1% in oil prices entails a cumulative increase of 0.483% in gasoline price and that a decrease of 1% in oil prices leads to a cumulative decrease of 1.095% in gasoline price. Overall, the empirical findings reveal the price of crude oil as an important driver of gasoline prices, reflecting the fact that crude oil is the primary raw material used to derive gasoline as well as other refined petroleum products such as heating oil and diesel fuel. They also suggest that oil price decreases are passed on to gasoline prices over the short run and more importantly than the oil price increases. Our results are thus inconsistent with those of Borenstein et al. (1997) who find no evidence of asymmetry in wholesale gasoline prices from an error-correction model with daily spot gasoline and crude-oil price data over the period [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] . The results of Chen et al. (2005) are also not supported by ours as they indicate that the observed asymmetry in retail gasoline price transmission primarily occurs downstream of the transmission process but not upstream.
Pass-through of oil prices to natural gas prices
Although the price ratio between crude oil and natural gas has recently changed as compared to its previous level, they still tend to comove through time. Their substitutes in consumption and also complements as well as rivals in production of other energy sources including electricity and heating oil may however induce complicated price links than common expectations of linear causality effects. The results of the Wald tests for symmetries, reported in Table 3, show that the NARDL(2,3) specification with long-run asymmetry is selected as the bestsuited model for the oil-natural gas price case. In the specification allowing for both long-run and short-run asymmetries, most of the coefficients associated with the short-run asymmetric effects of oil prices are insignificant. The price of natural gas is only affected by the contemporaneous change and the one-month lagged decline in the price of oil. The results of the best-suited model indicate that natural gas prices react more to oil price decreases than to oil price increases in the long-run. It can clearly be seen that an increase of 1% in the price of crude oil causes natural gas prices to rise by 1.247%, while a decrease of 1% in the price of crude oil is associated with a fall of 1.666% in natural gas prices. These findings are also confirmed by those of the model incorporating both short-and long-run asymmetries. Notes: the SIC information criterion selects p = 3 and q = 2 as the optimal lag length. We employ a general-to-specific approach to select the final specifications by fixing max p = max q = 5. Notes: the SIC information criterion selects p = 2 and q = 3 as the optimal lag length. We employ a general-to-specific approach to select the final specifications by fixing max p = max q = 5. 
Asymmetric adjustment paths
The asymmetric adjustments from an initial long-run equilibrium to a new long-run equilibrium after a negative or positive unitary shock affecting the crude oil market can be learned from the dynamic multipliers. Figures 1-2 show the predicted dynamic multipliers for the adjustment of gasoline and natural gas prices under the four NARDL specifications we consider.
The asymmetry curve depicts the linear combination of the dynamic multipliers associated with positive and negative shocks. The positive and negative change curves provide the information about the asymmetric adjustment to positive and negative shocks at a given forecasting horizon respectively. Lower band and upper band for asymmetry indicate the 95% confidence interval. between the two prices is reached after 8 months. Regarding the oil-natural gas pair, the dynamic multiplier computed from the best-suited model (i.e., model with long-run asymmetry and short-run symmetry) provides strong evidence of negative adjustment of natural gas prices. The asymmetric oil pass-through is however very persistent over time and practically takes a lot of time to converge to the long-run multipliers.
Concluding remarks
Appropriate energy policies usually require the strategic development of alternative energy sources and/or the adjustments of gasoline and natural gas prices so that industrial activities are the least affected possible by expected and/or unexpected price changes in the oil market.
This issue will have ramifications for the investment decisions of private firms as gasoline derived from crude oil is used as an input to the production process and natural gas can serve as a substitute for crude oil in consumption or production of other energy sources.
In this article, a nonlinear autoregressive distributed lags model has been implemented to empirically investigate the dynamic oil price pass-through. Our empirical framework helps discern the effects of strength of crude oil price effects with respect to their positive and negative changes. Using spot prices of WTI crude oil, gasoline, and Henry Hub natural gas, we find that both gasoline and natural gas prices significantly adjust to changes in the price of oil.
Moreover, asymmetric price reaction is observed in the short-run for the gasoline and in the long-run for the natural gas. We interpret this as evidence that the gasoline price absorbs oil price shocks more quickly that the natural gas price does, because crude oil constitutes the main feedstock for the production of gasoline. The differences in nature between crude oil and natural gas markets (i.e., global versus regional markets) also explain this result. As natural gas prices vary more with regional factors (e.g., the demand characteristics of the market, the region's access to different supply basins, pipelines and storage facilities), the changes in oil prices owing principally to global factors (e.g., economic recession, financial crises, geopolitical tension, and wars) are likely to affect natural gas prices over the long-run.
Another important finding is that negative oil shocks have greater effects than positive oil shocks. The greater asymmetric impact of the decreases in oil prices can be attributed to downward price expectation spirals that affect gasoline and natural gas prices during downward economic conditions. This finding implies that the share of consumer and producer budget devoted to purchase gasoline and natural gas is greater in times of declining oil prices than in time of rising oil prices. It is worth noting however that the impact of oil price increases on gasoline prices should be more restrained because gasoline prices come under scrutiny by the public authorities on daily basis, which react to higher gasoline prices by reducing its discretionary budget. To the extent that oil prices experience substantial variations through time owing to both expected (e.g., market states and production quotas) and unexpected events (e.g., natural disasters, conflict, political tension and war), the results of this research are crucial for policymakers to draw the national energy outlook and for companies to hedge the energy risk. The growing financialization of the commodity markets under consideration, which manifests itself in increased volume of derivatives trading and activity of financial and institutional investors (e.g., commodity index funds, hedge funds and large investment banks), also strongly urge financial actors to give heed to the short-and/or long-run asymmetric price relationships. Typically, speculators may have interest to adapt their trading strategies to the complex oil-gasoline price links over the short-run as the reaction of gasoline prices to oil shocks can be negative or positive, depending on the specific factors affecting the gasoline market as well as on the government discretionary spending adjustments. The asymmetry of energy price adjustments also conveys valuable information for commodity investments because financial herding during oil price decreases and backwardation during oil price increases are likely to become stronger in financialized commodity markets.
